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Silver nanoparticles (AgNPs) are becoming increasingly
important for manifold applications in, for example, imaging,
catalysis, electronics, and the development of antimicrobial
coatings.[1–3] The formation of AgNPs is typically accom-
plished by chemical reduction or irradiation of Ag+ ions with
visible light in the presence of additives, such as polymers or
surfactants, which induce the formation of AgNPs and
stabilize the NPs.[1,2] Recently, peptides bearing functional
groups that coordinate to Ag+ ions have become popular as
additives.[4–8] Their large structural and functional diversity
also renders peptides attractive for the controlled formation
of AgNPs of defined sizes, which still presents a challenge to
date. Since the rational design of peptides that induce metal
NP formation is difficult, combinatorial approaches are
attractive for the identification of suitable peptides.[7,8] We
envisaged that colorimetric on-bead screening of split-and-
mix libraries could be a particularly powerful tool that would
allow the testing of diverse libraries, which contain both
natural and unnatural amino acids.[9] The typical size- and
shape-dependent coloration of AgNPs[1] was anticipated to
allow for a facile identification of active library members.
Herein, we introduce the use of combinatorial split-and-
mix libraries for the identification of peptides that are capable
of inducing the formation of AgNPs. In conjunction with
scanning electron microscopy (SEM) studies, we also dem-
onstrate that the method allows for the identification of
certain types of peptides that induce the formation of AgNPs
of specific sizes.
We started our investigations by testing the members of
peptide library 1 for their ability to induce AgNP formation in
the presence of either light or the chemical reducing agent
sodium ascorbate (Figure 1a). Within the library, the amino
acids serine (Ser), aspartic acid (Asp), histidine (His), and
tyrosine (Tyr), bearing functional groups that were envisaged
for Ag+ ion coordination, were employed in positions AA1
and AA2 (Figure 1). Tyr was included in the library as it is a
well-known photoactive residue.[6] Linkers of varying flexi-
bility and geometry were used to connect the amino acids in
order to allow for diverse spatial arrangements of their side-
chain functional groups. trans-2-Aminohexanoic acid (Achc),
Pro-Aib (Aib= aminoisobutyric acid) and Pro-Gly were
chosen as turn-inducing linkers, and 6-aminohexanoic acid
(Ahx) and b-alanine as flexible linkers. The library was
prepared by encoded[10] split-and-mix synthesis[11] on Tenta-
Gel resin by utilizing seven different linkers and seven
different l- and d-amino acids in positions AA1 and AA2,
hence the library consisted maximally of 73= 343 different
peptides (Figure 1a). Amino acid couplings were performed
by following the standard Fmoc/tBu protocol for peptide
synthesis using HBTU/iPr2NEt as the coupling reagent and
piperidine for Fmoc deprotections (Fmoc= 9-fluorenylme-
thyloxycarbonyl, HBTU=O-(benzotriazol-l-yl)-N,N,N’,N’-
tetramethyluronium).
The library was then incubated with an aqueous solution
of AgNO3 (0.05m), washed with water to remove unbound
Figure 1. a) General structure of peptide library 1. b) AgNP formation
within the combinatorial assay of 1 complexed to Ag+ ions, followed
by treatment with light (left) and sodium ascorbate (right).
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Ag+ ions, and irradiated with visible light (electric lamp).[12]
After 8 h, approximately 5% of the beads had turned dark
red, which is a typical color of AgNPs (Figure 1b, left).[13]
These results therefore suggest that the peptides on the red
beads bind to Ag+ ions and induce the formation of AgNPs
upon irradiation with light. This hypothesis was confirmed by
SEM studies, which clearly demonstrate the formation of
AgNPs on the colored beads. Even more remarkable results
were obtained when a solution of the chemical reductant
sodium ascorbate was added to library 1 that had been
complexed with Ag+ ions. Within five minutes, several beads
became colored and, notably, distinctly different colors
ranging from yellow and light orange to dark red were
observed (Figure 1b, right). Different colors are indicative of
AgNPs of different sizes,[1] thus, this result suggests that
different peptides within the library induce the formation of
AgNPs of different sizes upon chemical reduction of the Ag+
ions.
Isolation of several of the colored beads from both assays
and analysis of the peptides on them revealed the following
main consensus sequences:
Most of the peptides identified in the assay by the light-
induced reduction of Ag+ ions contain the photoactive amino
acid Tyr connected to either His or Ser by a rigid, turn-
inducing linker (most commonly Achc), but also Pro-Aib or
Pro-Gly, see the Supporting Information for a list of all
sequences).[14] Different peptide sequences were identified in
the assay using sodium ascorbate for the reduction of Ag+
ions to AgNPs. In this case, the red beads bear a His residue
together with any of the other amino acids employed in the
library. Peptides on yellow beads consist of either two Asp
residues or combinations of Ser and Tyr, as well as Asp and
Ser. Essentially any linker was found, suggesting that the
relative orientation of the two amino acids is not crucial for
their activity. In both assays, no pronounced selectivity for l-
or d-configured amino acids was observed.
We then evaluated the AgNP-forming properties of
several of the identified peptides, both resin-bound and in
the solution phase. For the experiments with immobilized
peptide, peptides 2a–8a were resynthesized on TentaGel
(TG) resin. Peptides 2a–4a were identified only in the assay
that used light for the reduction of Ag+ ions, whereas all
peptides were hits in the assay that used chemical reduction.
Ac-d-His-Achc-l-Tyr-TG ð2 aÞ
Ac-d-Ser-Achc-l-Tyr-TG ð3 aÞ
Ac-l-Tyr-Achc-d-Ser-TG ð4 aÞ
Ac-l-His-Ahx-l-Asp-TG ð5 aÞ
Ac-l-His-Pro-Gly-l-Asp-TG ð6 aÞ
Ac-l-Ser-Ahx-l-Tyr-TG ð7 aÞ
Ac-l-Ser-Pro-Gly-l-Tyr-TG ð8 aÞ
In a procedure analogous to that of the combinatorial
screening assays, the beads were incubated with a solution of
AgNO3, washed with water to remove excess Ag
+ ions, and
then irradiated with light for 8 h or treated with sodium
ascorbate for 5 min. In the presence of light, beads with
peptides 2a–4 turned red or dark orange, whereas beads with
peptides 5a and 6a remained colorless (see the Supporting
Information for images). Beads with peptides 7a and 8a,
which have a flexible linker between the amino acids Ser and
Tyr, became slightly orange upon irradiation but not nearly as
dark as the beads with peptides 3a and 4awith the rigid linker
Achc. These results verified the selectivities observed in the
combinatorial assay. They also underlined the importance of a
linker with a well-defined conformation in Tyr/His- or Tyr/
Ser-containing peptides for effective AgNP formation using
light to reduce the Ag+ ions.[15] Analysis of the beads using X-
ray powder diffraction further verified the formation of
AgNPs on beads with peptides 2a–4a. SEM images revealed
that the AgNPs derived from, for example, peptide 2a, are
highly ordered crystals with a pyramidal shape and an average
size of 400 nm (Figure 2).
AgNP formation occurred within minutes after the
addition of sodium ascorbate to the silver-complexed solid
phase bound peptides 2a–8a. As expected from the combi-
natorial assays, AgNP formation was induced by each of the
examined peptides, however, NPs with distinctly different
colors were generated.[16] Beads with peptides 2a, 5a, and 6a
consisting of His together with Asp or Tyr turned red, whereas
beads with peptides 3a, 4a, 7a, and 8a with Ser/Tyr
Figure 2. Microscopic (left) and SEM images (center and right) of
AgNPs formed on the solid-supported peptide Ac-d-His-Achc-l-Tyr-TG
(2) after complexation with Ag+ ions and irradiation with light.
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combinations showed a yellow coloration regardless of the
linker between the amino acids. The differences in color
correlate with the amount of Ag+ ions that are complexed by
peptides 2a–8a, as shown in Ag+ ion uptake studies.[17] The
more intense the color of the AgNPs on the beads, the more
Ag+ ions are bound to the immobilized peptide. SEM
analyses of the bead-bound AgNPs showed that the red
color corresponds to NPs with an average diameter of
approximately 50 nm that can agglomerate to larger assem-
blies of up to 200 nm. AgNPs on the yellow colored beads are
significantly smaller, with an average diameter of approx-
imately 10 nm (Figure 3). This result demonstrates that
different peptides induce the selective formation of AgNPs
of different sizes.
Regardless of the method used for their generation, the
solid-phase-bound AgNPs proved to be stable for months. In
comparison with the AgNPs generated from 2a–4a by light
irradiation, the NPs generated by the reduction of Ag+ ions
with sodium ascorbate are amorphous, which is most likely
due to their significantly faster formation compared to those
formed by using light to initiate the reduction of the Ag+ ions.
To analyze whether the identified peptides are also able to
induce the formation of AgNPs in solution phase, peptides
Ac-l-His-Ahx-l-Asp-NH2 (5b) and Ac-l-His-Pro-Gly-l-
Asp-NH2 (6b), were prepared. Upon mixing aqueous sol-
utions of peptides 5b and 6b with substoichiometric amounts
of AgNO3 (0.1 equivalents), followed by the addition of
sodium ascorbate (0.12 equivalents), the solutions turned
yellow and orange, respectively. These colors are indicative of
solutions containing AgNPs. This is supported by UV/Vis
spectroscopic studies that revealed absorption maxima at
408 nm typical for AgNPs (Figure 4). Thus, peptides 5b and
6b allow for the generation and stabilization of AgNPs both
when bound to a solid support and in the solution phase.
In conclusion, we have shown that on-bead screening of
split-and-mix libraries is a powerful tool for the identification
of peptides that induce the formation of AgNPs. The method
is general, and allows for the identification of peptides (and
other compounds that can be accessed by a split-and-mix
library approach) that generate AgNPs from Ag+ ions when
using either light or a chemical reducing agent. It led not only
to the identification of simple tripeptides with nanoparticle-
forming properties that would have been difficult to predict
rationally, but also revealed peptide motifs that generate
AgNPs with distinctly different sizes. Moreover, the study
illustrates how structural and functional modifications within
peptides allow for the tuning of their nanoparticle-forming
properties.
Experimental Section
General procedure for the combinatorial assays: Approximately
10 mg of the library[12] were suspended in an aqueous solution of
AgNO3 (0.05m, 660 mL, ca. 6 equiv), sonicated for 5 min and allowed
to incubate for another 10 min. After washing with deionized water
(5  1 mL), the beads were either irradiated with an electric lamp for
8 h (light reduction assay) or incubated with a solution of sodium
ascorbate (0.05m, 660 mL, ca. 6 equiv) for 5 min (chemical reduction
assay) before washing with deionized water (5  1 mL). The combi-
natorial screening assays were evaluated using a light microscope,
single beads were isolated and the peptide sequences analyzed.[10]
Approximately 30 beads from each assay were analyzed to obtain a
statistically relevant result (see the Supporting Information).
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Figure 4. AgNP formation induced in aqueous solutions of peptides
Ac-l-His-Ahx-l-Asp-NH2 (5b, left image) and Ac-l-His-ProGly-l-Asp-
NH2 (6b, right image), and UV/Vis spectra of 5b (blue) and 6b (red)
after 5 h.
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